I. INTRODUCTION
The ongoing effort to characterize the geometries and electronic structures of small elemental semiconductor clusters has been fueled by theoretical studies for at least 10 years. However, experiments on these elusive species have proven extremely difficult, primarily due to the lack of mass specificity of most cluster sources. Thus, for example, while Si 2 has been studied in a series of ab initio calculations dating back to 1980, 1 the experimental characterization of its low-lying electronic states has been accomplished only recently using negative ion photodetachment techniques. 2 While matrix isolation spectroscopy has been used with some success to obtain vibrationally resolved spectra of silicon, germanium, or mixed semiconductor clusters ͑primarily dimers͒, 3, 4 most spectroscopic information at the vibrationally resolved level on larger clusters has come from intrinsically mass-selective techniques such as negative ion photodetachment 5, 6 or matrix deposition of mass-selected clusters. 7 As an extension of our previous work on Si 2 Ϫ , this paper presents the zero electron kinetic energy, or ZEKE spectrum of Ge 2 Ϫ . A comparison of this spectrum with the lower resolution photoelectron spectrum ͑PES͒ of Ge 2 Ϫ recently obtained in our laboratory 8 and the matrix spectroscopy work on Ge 2 by Li, Van Zee, and Weltner 3 enables us to map out the five lowest-lying states of Ge 2 and the two low-lying states of Ge 2 Ϫ ; these are shown schematically in Fig. 1 . The germanium dimer has been predicted to be electronically very similar to silicon dimer, with a 3 ⌺ g Ϫ ͑•••2 g 2 1 u 2 ͒ ground state and a very low-lying 3 ⌸ u (•••2 g 1 1 u 3 ͒ first excited state having a calculated term energy ͑T e ͒ ranging from 50 to 800 cm Ϫ1 . [9] [10] [11] [12] There are also four singlet states resulting from these same orbital occupancies along with the ͑•••1 u 4 ͒ occupancy predicted to lie within 1.5 eV of the ground state, as with Si 2 . On the other hand, relativistic effects are expected to be more important in Ge 2 than Si 2 , and Ge 2 is better described in Hund's case ͑c͒, where ⍀ is a good quantum number but ⌳ and ⌺ are not. 13, 14 Thus the spin-orbit components of the 3 ⌸ u state are better described as 0 u Ϫ , 0 u ϩ , 1 u , and 2 u states ͑2 u being the lowest-lying͒, and the . 15 Prior to the photodetachment studies in our laboratory, the only definitive spectroscopic results on Ge 2 were obtained in a matrix absorption study by Weltner and co-workers. 3 They observed the 3 ⌸ u [1 u Given the large number of electronic states involved in this study, it is useful to review the selection rules applicable to photodetachment experiments, since these differ markedly from optical spectroscopy. All of the low-lying triplet and singlet valence states of Ge 2 can be generated by removing an electron from a valence orbital of one of the anion states; these one-electron photodetachment transitions are indicated by the arrows in Fig. 1 The selection rules in ZEKE spectroscopy are more restrictive due to the Wigner threshold law. 17 Near the detachment threshold, the photodetachment cross section goes as
where ͑E h ϪE threshold ͒ and l are the kinetic energy and angular momentum of the ejected electron, respectively. From Eq. ͑1͒, it can be seen that the cross section rises sharply above threshold only for lϭ0, or s-wave electrons. As ZEKE spectroscopy relies on detecting electrons near a detachment threshold, it is sensitive only to s-wave transitions. Given the symmetry of the orbitals in a homonuclear diatomic, one can show that only transitions involving the detachment from u or u orbitals yield s-wave photoelectrons. 18 On the other hand, photodetachment from g or g orbitals result in p-wave ͑lϭ1͒ photoelectrons near threshold. In Fig. 1 , those lϾ0 transitions that cannot be observed using ZEKE are indicated as dotted lines. While at times inconvenient, the ZEKE selection rules effectively reveal the orbital from which an electron is ejected in a particular transition, which greatly facilitates spectral assignment.
From the Ge 2 Ϫ PES and ZEKE spectra presented here, the splittings ͑or term energies͒ between the ⍀ components are resolved for both the ⌸ u states are extracted. Vibrational frequencies for all of these states are determined from the ZEKE spectrum. The relative energies and vibrational frequencies of the 2 ⌸ u ͑3/2͒ and the 2 ⌺ g ϩ anion states are also determined.
II. EXPERIMENT
The apparatus used to obtain the ZEKE spectrum of Ge 2 Ϫ has been described in detail elsewhere, 6, 19 but the basic operation is as follows. A beam of cold germanium clusters is generated in a molecular beam source similar to that developed by Smalley. 20 The surface of a rotating and translating germanium rod is ablated using 6 mJ/pulse of the second harmonic output of a Nd:YAG laser operated at a 20 Hz repetition rate. The resulting plasma is then entrained in a pulse of 90% Ne/10% He carrier gas from a piezoelectric valve, 21 typically with a backing pressure of 60 to 70 psi. In order to generate sufficient quantities of Ge 2 Ϫ , the source was run under conditions that generally produce vibrationally hot ions ͑e.g., lower beam pulse duration, earlier rod ablation relative to carrier gas entrainment͒, which results in a mass distribution skewed to lighter masses. The negatively charged species in the subsequent expansion that pass through a 2 mm skimmer are collinearly accelerated to 1 keV, and mass selected using time of flight. 22 The mass-separated anions then enter a detector region where they are selectively photodetached using an excimerpumped tunable dye laser. As the dye laser is scanned through the detachment continuum of the ion of interest, only those photoelectrons ejected with nearly zero kinetic energy ͑ZEKE's͒ in the frame of the molecular beam are collected as a function of detachment energy. The resulting spectrum is therefore peaked at the thresholds of transitions from anion to neutral levels. This selective detection of threshold electrons, based on techniques developed by Müller-Dethlefs et al. 23 for the photoionization of neutrals, yields an energy resolution of 3 cm
Ϫ1
. The electron signal for the ZEKE spectrum of Ge 2 Ϫ was signal averaged for 1500 shots/point, and normalized to the ion current and detachment laser power. The dyes used were Rhodamine 610, Rhodamine 590, Coumarin 540A, Coumarin 503, Coumarin 480, and Coumarin 450.
III. RESULTS
The previously reported photoelectron spectra of Ge 2 Ϫ obtained at 2.98 eV photon energy ͑416 nm͒ are shown in Fig. 2 . 8 The energy resolution is about 10 meV ͑80 cm
Ϫ1
͒. Data were taken at polarization angles ϭ90°and ϭ90°, where is the angle between the electric field polarization vector of the photodetachment laser and the direction in which electrons are detected. The Ge 2 Ϫ ZEKE spectrum ͑solid line͒ is superimposed onto the ϭ90°PES. The photoelectron spectra are plotted in terms of electron binding energy ͑in cm
͒ to facilitate comparison to the ZEKE spectra.
The photoelectron and ZEKE spectra consist of two distinct bands. Based on Fig. 1 and our previous analysis of Si 2 Ϫ , 2 the band at lower binding energy is assigned to transitions to the lowest-lying triplet states of the neutral, and the band at higher binding energy to transitions to the higher- lying singlet neutral states. Within each band, the relative intensities of the peaks in the photoelectron spectra show a strong dependence on . For instance, peaks C 2u , C 1u , and F are particularly intense in the ϭ0°spectrum. Since photoelectrons ejected from different orbitals will generally have different angular distributions, 24 this type of intensity dependence is a signature of multiple anion→neutral electronic transitions contributing to both the triplet and singlet bands. This is entirely consistent with the qualitative energy level pattern in Fig. 1 .
Compared to the photoelectron spectra, the peaks in the ZEKE spectrum are considerably narrower, and there is clearly more structure in the triplet band where several peaks in the photoelectron spectrum appear as doublets in the ZEKE spectrum. The peak positions and intensities of the ZEKE spectrum agree considerably better with the PES at ϭ90°than at ϭ0°. The upper, solid trace in Fig. 3 shows the triplet band of the ZEKE spectrum on an expanded scale. The peak labeling convention is based on the assignments that will be discussed in detail later. Briefly, different letters correspond to different electronic bands, and where there are two subscripts, the first denotes the value of ⍀ of the neutral state, and the second is the vibrational quanta in the neutral state ͑in the singlet band, only the neutral vibrational quanta is denoted in the peak label subscripts͒. The triplet band is dominated by a progression of doublets labeled A 0,v and A 1,v (vϭ0,1,2,3) which have an average splitting of 114Ϯ5 cm
. The centers of the doublets are spaced by 286Ϯ5 cm
; this is presumably a vibrational progression. The peaks in the lower-intensity doublet a 0,0 and a 1,0 are found 309Ϯ5 cm Ϫ1 to lower photon energy of peaks A 0,0 and A 1,0 , respectively. The peak spacing in this doublet is the same as in the A 0,v and A 1,v progression, so this appears to be a hot band transition from vibrationally excited Ge 2 Ϫ . In addition to these features, there are lower intensity peaks spaced irregularly among the 286 cm Ϫ1 progression. The most distinct of these is B 2,0 found 58Ϯ7 cm Ϫ1 to higher photon energy of A 0,0 . Peak b 2,0 also appears to be a hot band located 326Ϯ10 cm Ϫ1 to lower photon energy of peak B 2,0 . There are also shoulders on both sides of peak A 1,1 found 308Ϯ10 and 374Ϯ10 cm Ϫ1 ͑B 2,1 and B 1,0 , respectively͒ to higher photon energy of peak B 2,0 . Peaks B 0 Ϫ ,0 and B 0 ϩ ,0 , while appearing to be a part of the A 0,v and A 1,v progression, are actually spaced by 340Ϯ10 cm Ϫ1 rather than 286 cm Ϫ1 from peaks A 0,2 and A 1,2 ͑peak A 0,3 , found 80 cm Ϫ1 to lower photon energy of peak B 0 ϩ ,0 , is the next member of the A 0,v progression͒. Peak positions and relative energies are summarized in Table I . The peak positions generally have an uncertainty of Ϯ5 cm
, and so the relative energies are good to Ϯ7 cm Ϫ1 . The ZEKE spectrum of the singlet band of Ge 2 Ϫ is shown on an expanded scale as the solid trace in Fig. 4 . There appear to be three electronic transitions contributing to the structure in this region. The lowest energy transition consists of a progression labeled D v (vϭ0, ..., 4͒. This progression is long enough to extract an anharmonicity; we find e ϭ276Ϯ3 cm Ϫ1 and e x e ϭ1.2Ϯ0.6 cm
. The origin, D 0 , is found 3314 cm Ϫ1 above peak A 0,0 in the singlet band. Peak d 0 appears to be a hot band, and is found 307Ϯ7 cm Ϫ1 to lower photon energy of D 0 . E 0 indicates the origin of a second electronic transition found 4664 cm Ϫ1 to higher photon energy of peak A 0,0 . Peak G 0 , is spaced approximately 280 cm Ϫ1 to higher photon energy of peak E 0 , which could reasonably be a vibrational spacing. However, peak E 2 , which is found 607Ϯ7 cm
Ϫ1 from E 0 , is much less intense 
than would be expected if E 0 , G 0 and E 2 formed a progression. On the other hand, peak G 0 is broad, and it is more likely that two transitions are contributing to G 0 : the 1-0 ͑i.e., vЈϭ1← vЉϭ0͒ member of the E 0 progression, and the origin of another electronic band for which G 1 is the 1-0 transition. This gives a vibrational frequency of 303Ϯ5 cm
for the neutral state corresponding to the peaks E j , and 204Ϯ7 cm Ϫ1 for the state corresponding to peaks G j . Peak e 0 , another hot band, lies 329Ϯ7 cm Ϫ1 from E 0 . Peaks g 1 and g 2 are spaced approximately 100 cm Ϫ1 to lower photon energy of G 0 and G 1 , respectively. As the anion frequencies so far have been either approximately 309 or 326 cm Ϫ1 , peaks g 1 and g 2 are spaced appropriately to be the 1-1 and 2-1 sequence and hot band transitions, respectively, between an anion state and the neutral state responsible for G 0 . Again, Table I summarizes peak positions and relative energies.
Several of the most intense peaks in the PES at ϭ0°t hat are missing in the ϭ90°spectrum are also absent in the ZEKE spectrum. Specifically, the three peaks C ⍀ do not appear in the triplet band. Based on the discussion in Sec. I, we expect that these are p-wave transitions that will not contribute to the ZEKE spectrum. Peak F in the singlet band of the PES has the same intensity dependence as the C ⍀ peaks and should therefore also involve p-wave detachment. There is, however, a feature in the ZEKE spectrum, G 0 , that lies close to the energy of peak F. Upon close inspection of peak of the lower panel of Fig. 2 , peak G 0 does appear to lie to somewhat higher energy than peak F. It therefore seems likely that peak F in the photoelectron spectrum is composed of two transitions, one of which proceeds via s-wave photodetachment, yielding peak G 0 in the ZEKE spectrum, and the other via p-wave detachment, which does not appear in the ZEKE spectrum.
IV. ANALYSIS AND DISCUSSION
The assignment and subsequent analysis of the spectra requires consideration of both the ZEKE spectra and the 
PES. The approach taken below is to first analyze the triplet band of the PES and ZEKE spectrum considering also the spectroscopic information from Weltner's matrix studies on Ge 2 . From this, spectroscopic constants of the anion states will be extracted. With more information about the anion states, the analysis of the singlet band then proceeds in a straightforward manner. Figure 1 illustrates the three one-electron transitions between the doublet anion states and triplet neutral states, two of which should be observed in the ZEKE spectrum ͑Fig. 3͒: the Ϫ1 vibrational frequency characteristic of the A ⍀,v progression is slightly higher than the 277 ͑Ϯϳ10; error bars were not included in the spectral analysis͒ cm Ϫ1 ground state frequency determined from Raman matrix studies. 16 From the position of the hot bands ͑peaks a 0,0 and a 1,0 ͒ we determine that the frequency of the 2 ⌸ u anion is 309 cm
A. Triplet band
3 ⌺ g Ϫ (1 g ,X0 g ϩ )← 2 ⌸ u (3
Ϫ1
. From the Si 2 -ZEKE spectrum, 2 we were also able to determine the 122 cm Ϫ1 spin-orbit splitting in the 2 ⌸ u anion, because the population of the ⍀ϭ1/2 level in the ion beam was sufficient for us to observe the
⌸ u ͑3/2͒ transition. However, since the Ge 2 Ϫ spin-orbit splitting is expected to be roughly 700 to 800 cm Ϫ1 , the population of spin-orbit excited anions in the beam is likely to be very small, and we only observe transitions from the ⍀ϭ3/2 component.
We can simulate the vibrational structure in the
transitions within the Franck-Condon approximation. In the simulation, we assume that the intensity of individual vibronic transitions within an electronic band are proportional to their Franck-Condon factors ͑FCF's͒,
Intensityϰ͉͗vЈ͉vЉ͉͘

. ͑2͒
The vibrational wave functions of the neutral and anion, ͉vЈ͘ and ͉vЉ͘, respectively, are taken to be harmonic ͑or Morse͒ oscillators with the frequencies determined from the spectra. The relative bond distances of the anion and neutral are then varied until the extension of the simulated progression matches the observed progression. The simulation of the
transitions is shown as the lighter dashed trace on the lower part of Fig. 3 . Harmonic oscillator wave functions with 309 and 286 cm Ϫ1 frequencies were used for the anion and neutral, respectively. A bond distance difference of 0.059Ϯ0.003 Å was required to reproduce the extension of the progression, and while the direction of the bond length change cannot be determined from the simulation ͑using harmonic oscillators͒ the anion bond length should be shorter than the neutral, as the transition involves removing a bonding electron. An anion vibrational temperature of 350 K was required to match the hot band intensity; this temperature is fairly typical for our cluster source given this vibrational frequency.
Given the 
transition. This will be observed only in the PES as it involves the removal of a g electron and should proceed by p-wave detachment near threshold. In the upper panel of Fig.  2 , peak C 1u lies 670Ϯ50 cm Ϫ1 to higher energy than peak A. We therefore assign peak C 1u in the PES to the
It then follows that peak C 2u , found 360 cm Ϫ1 to lower energy, is the 3 ⌸ u (2 u )← 2 ⌸ u ͑3/2͒ transition. We tentatively assign peak C 0u , 890 cm Ϫ1 to higher energy C 2u , to the
transitions; this is discussed further below. The peak between C 1u and C 0u in the ϭ°spectrum may be the
transition. We next consider the remaining structure in the triplet region of the ZEKE spectrum that has not been accounted for by the
transitions, the only others that can proceed via s-wave detachment in this energy region. By comparing the dotted trace of the simulation with the ZEKE spectrum, the lower-intensity peaks and shoulders labeled B ⍀,v stand out more clearly as a second set of electronic transitions. The most distinct of these peaks is B 2,0 . The shoulder B 1,0 is found 374 cm Ϫ1 to higher photon energy, which is close to the 3 ⌸ u (2 u Ϫ1 u ͒ splitting observed in the PES ͑i.e., the spacing between peaks C 2u and C 1u ͒. Moreover, B 2,1 and B 1,1 are found approximately 308 cm Ϫ1 to higher photon energy of B 2,0 and B 1,0 , respectively, which is the vibrational frequency of the 3 ⌸ u ͑1 u ͒ state determined by Weltner. We therefore assign peak B 2,0 to the ⌸ u ͑3/2͒ anion states can now be determined. The
level. 3 This means that for the anion, the 2 ⌸ u ͑3/2͒ level is 279Ϯ11 cm Ϫ1 below the 2 ⌺ g ϩ level. ͑By using Weltner's value, the energy splitting we determine for the anion states is more accurate than what we would have determined from comparing the position of peak C 2u in the PES and peak B 2,0 in the ZEKE spectrum, which would have yielded 240Ϯ80 cm
Ϫ1
.͒ The relative weakness of ⌺ g ϩ state is given from the position of the b 2,0 hot band, which is found 326 cm Ϫ1 to lower photon energy of peak B 2,0 . This is slightly higher than 309 cm Ϫ1 frequency determined for the 2 ⌸ u ͑3/2͒ state. So far, the peaks labeled B 0ϩ,0 and B 0Ϫ,0 have not been addressed. These are approximately half the intensity of peak B 2,0 , and they are spaced 856 and 968 cm Ϫ1 , respectively, to higher photon energy, although the location of peak B 0Ϫ,0 is difficult to determine accurately. As there are no other electronic transitions that should be observed in this region of the ZEKE spectrum, we tentatively assign them to the
respectively. This assignment is consistent with the observation that the average spacing of these two peaks from peak B 2,0 , 912 cm
, is very close to the 890 cm Ϫ1 spacing between peaks C 2u and peaks C 0u in the PES. The major cause of the splitting of the 3 ⌸ 0u level is from second-order spin-orbit coupling of either the ϩ or Ϫ parity component to a nearby ⌺ u state. 26 The electronic spectroscopy of Si 2 reveals a relatively low-lying ͑ϳ3 eV͒ 3 ⌺ u Ϫ state, 27 and if an analogous state is responsible for the perturbation in Ge 2 , it will repel the 0 u ϩ level which will then lie slightly below the 0 u Ϫ level. Assuming these peaks do represent the 3 
transitions, the spin-orbit coupling constant, Am for the 3 ⌸ u state is 484 cm Ϫ1 ͑i.e., one-half the 2 u Ϫ0 u Ϫ splitting͒ which is considerably higher than the 2 u Ϫ1 u splitting, 374 cm
. The asymmetric arrangement of the 3 ⌸ u (0 u Ϯ ͒ and 3 ⌸ u ͑2 u ͒ states about the 3 ⌸ u (1 u ͒ state was also observed to a lesser extent for the Si 2 3 ⌸ u state in Weltner's studies, and is due to the mixing of the ⍀ϭ1 level with the higher-lying 1 ⌸ u state. This mixing will be further addressed in the next section where the term energy of the 1 ⌸ u state is discussed. Simulations of the
⌺ g ϩ transitions are shown in the lower half of Fig. 3 ͑heavier dashed line͒. The neutral frequency assumed for all four components was 308 cm
, and the anion frequency was assumed to be 326 cm
. The transitions to the 3 ⌸ u (0 u Ϯ ͒ states were assumed to be half the intensity of the transitions to the 3 ⌸ u (1 u ͒ and 3 ⌸ u (2 u ͒ states, which were in turn scaled to have 0.25 the intensity of the
transition in order to best match the spectrum. A bond length difference of 0.04 Å between the anion and neutral was assumed to match the extent of the vibrational progression, and again, the anion should have the shorter bond distance. This bond length changes should be regarded as quite approximate given the most of these transitions are only partially resolved.
Geometry calculations on the lowest-lying neutral states predict the bond length of the 3 ⌸ u excited state to be 0. Ϫ gave bond length differences on the order of 0.04 Å in both ZEKE transitions. This interesting similarity between the response of the bond lengths of Ge 2 and Si 2 to the shifting of valence electrons within the triplet manifold further reflects the electronic similarity between these two species. Table I summarizes the peak assignments discussed in this section, and Table II summarizes the spectroscopic constants extracted from the spectrum and used in the spectral simulations, including the term energies of the 3 ⌸ u (0 u Ϫ ,0 u ϩ ,1 u ,2 u ͒ states used in the spectral simulation.
B. Singlet band
Electronic structure calculations 9 predict that the 1 ⌬ g , (1) 1 ⌺ g ϩ and
1
⌸ u neutral states lie roughly 0.5-0.7 eV above the ground state, and transitions to these states should result in the structure observed to higher energy in both the PES and ZEKE spectrum. In Table II , the ab initio term energies of these three states are listed. Figure 1 shows the four oneelectron transitions between the two anion states and these three neutral states. An additional ͑2͒ ͒ progression is the most extended of all the progressions. This is consistent with calculated geometries, which predict the As with the triplet band, the Franck-Condon simulation gives an approximate bond length difference between the anion and neutral. The total simulation of the singlet band is shown as the dashed line in Fig. 4 . In the case of the transition to the 1 ⌬ g state, the bond length difference is determined to be 0.095Ϯ0.005 Å. This further suggests that the bond distance in the 1 ⌬ g state is 0.036 Å longer than that in the
. This is in qualitative agreement with the difference in the calculated bond distances between these two states, 0.06 Å. 9 Again referring to the calculated frequencies of the singlet states ͑Table II͒, the ͑1͒ 1 ⌺ g ϩ state has a substantially lower frequency than the other singlet states. We therefore assign the G 0 ϪG 1 progression to the ͑1͒
⌸ u ͑3/2͒ transition, as it exhibits the smallest vibrational spacing, 204 cm
Ϫ1
. From the average spacing of the sequence bands, g 1 and g 2 , the anion frequency in this transition is approximately 305 cm
, which is close to the previously determined 2 ⌸ u ͑3/2͒ frequency, further supporting the assignment. As above, the term energy of the ͑1͒ . For the simulation in Fig. 4 , a bond length difference of 0.045Ϯ0.005 Å was found to satisfactorily fit the progression. This is only 0.014 Å less than that used in the 12 predicting the 1 ⌸ u state to be lower. This remarkable near degeneracy of electronic states is further supported by the sole p-wave transition observed in the singlet band of the PES ͑Fig. 2͒. Peak F in the PES, which can only be the 1 ⌸ u ← 2 ⌸ u ͑3/2͒ transition, energetically coincides with peak G 0 in the ZEKE spectrum, which, in addition to irrefutably being an s-wave transition, has been definitively assigned to the ͑1͒ sitions originate from the same anion state, the neutral states must coincide energetically. Given the term energies of the
